Loading and fracture response of CFRP-to-steel adhesively bonded joints with thick adherents – Part II: Numerical simulation by Anyfantis, Konstantinos & Tsouvalis, Nicholas G.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 20, 2017
Loading and fracture response of CFRP-to-steel adhesively bonded joints with thick
adherents – Part II: Numerical simulation
Anyfantis, Konstantinos; Tsouvalis, Nicholas G.
Published in:
Composite Structures
Link to article, DOI:
10.1016/j.compstruct.2012.08.056
Publication date:
2013
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Anyfantis, K., & Tsouvalis, N. G. (2013). Loading and fracture response of CFRP-to-steel adhesively bonded
joints with thick adherents – Part II: Numerical simulation. Composite Structures, 96, 858-868. DOI:
10.1016/j.compstruct.2012.08.056
Loading and fracture response of CFRP-to-steel adhesively bonded joints with
thick adherents – Part II: Numerical simulation
Konstantinos N. Anyfantis a,⇑, Nicholas G. Tsouvalis b
aDepartment of Wind Energy, Technical University of Denmark, Lyngby, Denmark
b Shipbuilding Technology Laboratory, School of Naval Architecture and Marine Engineering, National Technical University of Athens, Greece
a r t i c l e i n f o
Article history:
Available online 13 September 2012
Keywords:
Adhesive joints
Mixed-mode fracture
Debonding
Cohesive zone model
Cohesive elements
a b s t r a c t
This work is focused on the numerical simulation of experimentally tested single lap joints, based on
cohesive zone modeling techniques. Seven cases have been considered for analysis. The models were
built in a 3-dimensional ﬁnite element space. The adherents were modeled with continuum elements
whereas the entire adhesive layer has been modeled with cohesive elements. A mixed-mode cohesive
model, which is an ideal candidate for describing the loading and fracture response of a relatively thin
ductile adhesive layer, has been used as the constitutive relation of the cohesive elements. The traction
increase part of the cohesive laws is given by an exponential function, which describes the elastoplastic
adhesive response, and the traction decrease part is given by a linear function, which describes damage
initiation and propagation. By using this model, it was achieved to calculate the developed peel, in-plane
and out-of-plane shear stresses over the adhesive area. Thus, the global measured response of all cases
was justiﬁed by examining the stress ﬁelds and their variation through the loading history.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Structural adhesive bonding is gaining more and more the
interest of researchers and design engineers due to the advantages
it offers compared to mechanical joining techniques, particularly
when it comes to joining dissimilar materials, e.g. composites to
metals. When it comes to the design of an adhesive joint, it is of
great importance to investigate the level of cooperation of the
materials involved, in terms of their adhesion properties, i.e. stiff-
ness and strength. Thus, laboratory adhesive joints with simple
geometrical conﬁgurations are adopted for testing and analysis
purposes. Single lap joints (SLJs) with ﬂat adherents are well pre-
ferred for this purpose, not only because they are relatively easy
to fabricate and test, but also because there are several closed-form
solutions available in the open literature that can be applied for the
calculation of the developed stress ﬁelds within the adhesive layer.
These models are collected in Refs. [1,2].
Analytical solutions for calculating the mixed-mode response of
a moderately or highly non-linear adhesive layer (ductile material
response) are not available. Thus, numerical solutions derived from
ﬁnite element methods are at most preferable. Several methodolo-
gies can be found in the literature for the ﬁnite element analysis
(FEA) of adhesive joints based on the technique followed for mod-
eling the adhesive layer, its interaction with the adjacent sub-
strates and its failure behavior. An adhesive layer typically fails
under mixed-mode conditions by peel (Mode I), in-plane (Mode
II) and out-of-plane (Mode III) shear stresses. When an adhesive
joint is loaded, the developed stresses are being transferred from
one substrate to the other through the adhesive and via the adhe-
sive/adherent interface. Thus, two are the main macro-mechanical
failure types involved in the adhesive bonded region, i.e. adhesive
and cohesive failure.
Traditional simulation techniques are based on utilizing contin-
uum elements for modeling both the adhesive and adherents [3–
6]. The faces of the adhesive elements are directly connected to the
corresponding faces of the adherent elements, in the adhesive/
adherent interface. Either by using common nodes or by usingmulti
point constraint techniques, perfect bonding conditions are as-
sumed. In this way, shear and normal stresses are being transferred
through the bi-material interface invariantly. This procedure is ade-
quate for calculating the elastic and plastic response of the adhesive
material in termsof thedeveloped stresses, but neglects the stiffness
and strength of the bi-material interface, which are important for
determining the failure response and load of a joint. Stress or strain
failure criteria can be utilized for the prediction of failure initiation
and progression in the adhesive layer [7,8] but such ﬁnite element
models aremesh dependent, since stress concentrations usually de-
velop at the edges of the adhesive region. However, several ways are
proposed that can handle such issues [9–11].
Within the framework of linear elastic fracture mechanics, the
Virtual Crack Closure Technique (VCCT) has been utilized for the
0263-8223/$ - see front matter  2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.compstruct.2012.08.056
⇑ Corresponding author. Tel.: +45 4525 1382.
E-mail address: kanyf@dtu.dk (K.N. Anyfantis).
Composite Structures 96 (2013) 858–868
Contents lists available at SciVerse ScienceDirect
Composite Structures
journal homepage: www.elsevier .com/locate /compstruct
numerical simulation of the failure behavior of adhesive joints
[12,13]. However, VCCT is not appropriate in numerical predictions
of adhesive joints with ductile adhesives, since it is oriented for lin-
ear elastic fracture mechanics problems.
Damage mechanics permit the simulation of step-by-step dam-
age and fracture at a pre-deﬁned crack path or arbitrarily within a
ﬁnite region up to the complete structural failure, with the use of
cohesive or interface elements. The available techniques for dam-
age modeling can be separated into local or continuum approaches
[14] (see Fig. 1). In the local approach, damage is conﬁned to a zero
volume line or a surface, allowing the simulation of an interfacial
failure between the adhesive bond and the adherent or/and of a
cohesive failure [15,16], as shown in Fig. 1a. By the continuum ap-
proach, the damage is modeled over a ﬁnite region along an adhe-
sive bond to simulate a cohesive fracture of the adhesive bond [17].
Under this framework, Thouless and his coworkers [18,19] have
introduced the embedded process zone (EPZ) approach, according
to which, the adhesive layer works as the continuum which pro-
vides and transfers tractions between the adherents. From the
numerical point of view, the adhesive material is totally repre-
sented by interface or cohesive elements that can model the kine-
matics incorporated in the EPZ. The constitutive relations are given
in terms of opening and shear traction–separation (T–S) laws un-
der pure Mode I and pure Mode II loading and fracture, respec-
tively. Campilho and de Moura [15,20,21] developed a cohesive
mixed-mode damage model to predict the behavior of ductile
adhesives with a trapezoidal shape T–S law representing loading
and fracture of each fracture mode, within the framework of Elastic
Plastic Fracture Mechanics.
A more realistic EPZ law and mixed-mode model have been re-
cently developed by Anyfantis and Tsouvalis [22,23] for the predic-
tion of the mixed-mode response of ductile adhesive layers. The
model has been validated with metal-to-metal [22–24] and com-
posite-to-metal [25] adhesive joints and it has been concluded that
it can adequately model the interaction between the adhesive and
the adherents.
The present work is the second part of a paper series, that is
focused on the investigation and study of the loading and
fracture response of CFRP-to-steel adhesively bonded joints. The
seven SLJ cases whose fabrication and testing is presented in
the ﬁrst part [26] have been considered herein for numerical sim-
ulation. The main objective of this study is to provide justiﬁca-
tions of the experimentally measured response, by examining
the developed stresses and their variation through the loading
history. For this purpose the 3D EPZ mixed-mode model [23]
has been utilized for the mathematical description of the adhe-
sive’s layer response.
2. Mixed-mode cohesive zone model
The loadingand fracture responseof aductile adhesive layer, con-
strained between two continuum media, may be simulated with a
cohesive zonemodel, within the framework of ﬁnite elementmeth-
ods. In this work, a recently developed mixed-mode model that ac-
counts for the coupling and interdependency of pure mode EPZ
laws has been utilized for the numerical simulation of the tested
SLJ cases. This model has been formulated to describe the mixed-
mode response of an adhesive layer subjected to Mode I and II load-
ing and fracture [22] and of an adhesive layer subjected toMode I, II
and III loadingand fracture [23]. Theauthorshaveutilized thepartic-
ular cohesive models, since these have proven to provide accurate
predictions of the global response of adhesive joints with ductile
adhesives. This is necessary, under the framework of the current
work, since matching the numerical global responses of the tested
jointswith the corresponding experimental ones,will yield accurate
predictions of the respective stress ﬁelds developing over the adhe-
sive domain. However, working with CZM techniques towards
predicting only the strength of joints, one should focus more on
utilizing accurate values of the fracture toughness magnitudes, but
still using intrinsic laws for ductile adhesives, i.e. exponential –
linear [22,23], and trapezoidal [16,20,21].
Uniaxial loading of single lap joints with ﬂat adherents results
in the development of peel and out-of-the loading plane shear
stresses, in a way that the problem can be assumed plane strain;
thus it would be natural to model such cases in a 2D simulation
environment. However, preliminary ﬁnite element analysis of the
tested SLJ geometries in a 2D and 3D space revealed that there is
a signiﬁcant effect of the out-of-the loading plane shear stresses
on the failure of the adhesive layer, particularly for the cases where
metal adherents enter plasticity. For this purpose, the results pre-
sented in this work are based on modeling the joints in a 3D envi-
ronment by utilizing the Mode I, II and III mixed-mode EPZ model
[23].
Fig. 2 shows the shapes and the corresponding parameters of
the pure mode phenomenological EPZ laws, which are treated as
the material properties of the adhesive layer. The traction
increasing part (stress hardening) is mathematically given by an
exponential function, which inherently describes the linear elastic,
non-linear elastic and plastic response of the adhesive material.
Magnitude rc,i represents the critical stress and magnitude d0,i is
its corresponding separation at damage initiation. The linear elastic
response is given by the initial stiffness ki, which is directly deﬁned
for each mode by dividing the corresponding elastic constant of the
adhesive material with the adhesive thickness, kI = Ea/ta, kII = Ga/ta
and kIII = kII, where Ea and Ga is the Young and shear modulus of
the adhesive, respectively, and ta the adhesive thickness. The linear
traction decreasing part, beyond rc,i, denotes the development of
the fracture process zone, which occurs within the adhesive layer
and in the adhesive/substrate interfaces, i.e. void nucleation, mi-
cro-cracking, micro-debonding and ﬁbril deformation of the adhe-
sive material. In order to avoid interpenetration between the,
adjacent to the cohesive elements, continuum elements, a penalty
contact algorithm has been included only in the formulation of
Mode I EPZ law (see Fig. 2a). Magnitude dc,i is the critical separa-
tion, beyond which tractions vanish, hence describing the forma-
tion of macro cracking and debonding. The total energy
consumed at the end of the proposed EPZ law is given by the def-
inite integral (area) of its curve, namely Jic.
Having deﬁned the pure mode EPZ laws (Mode I, II and III) as
the material properties of the adhesive layer, these are next
Cohesive elements
Adhesive continuum elements
Zero thickness layers of 
cohesive elements
Adherent continuum elements
Rows of superimposed
 nodes
Cohesive elements
Adherent continuum elements
Cohesive elements to 
replace the adhesive layer
(a)
(b)
Fig. 1. Cohesive elements to simulate zero thickness failure paths – local approach
(a) and to model thin adhesive bond between the adherents-continuum approach
(b) in an adhesive bond.
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formulated under a 3D mixed-mode model that accounts for their
coupling and interdependency, as shown in Fig. 3. Two cases are
considered according to the sign of the normal tractions rI, since
positive tractions contribute to the loading and fracture and nega-
tive tractions denote contact in the adhesive bondline. Thus, one
case considers the Mode I, II and III mixity (positive rI) and the
remaining one considers only Mode II and III mixity (negative rI).
For the prediction of damage initiation and damage propagation
under mixed mode conditions, the quadratic stress criterion and
the linear energetic fracture criterion are considered, respectively
[23]. The parameters of the decomposed laws, i.e. rcm,i, d0m,i, dcm,i
and Ji are being calculated according to the mode mixity ratios
(dII/dI and dIII/dI) at each Gauss point of the cohesive elements,
through the loading history.
3. Numerical modeling
The actual average dimensions of the tested SLJ geometries, de-
scribed in part I of this paper series, have been considered for ﬁnite
element simulations. Such geometries involve seven cases that dif-
fer in the overlap length (25 or 75 mm), in the adhesive thickness
(nominal 0.5 or 0.8 mm) and in the stiffness ratio (0.175 or 0.35), as
listed in Table 1. Thus, seven models have been constructed in a 3-
dimensional space according to the mesh, loading and boundary
conditions shown in Fig. 4. As far as the CFRP and steel adherents
IcJ
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c,Iσ
Iσ Mode I EPZ law
Unloading path
penalty contact
(a) 
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Fig. 2. Proposed EPZ laws for the prediction of Mode I (a) and Mode II or III (b)
loading and fracture.
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Fig. 3. Proposed 3D mixed-mode EPZ model (i = I, II or III).
Table 1
SLJ cases considered in the parametric study.
Case tc (mm) ts (mm) Lt (mm) La (mm) Lo (mm) ta (mm) w (mm)
SLJ-1 7.98 8 40 75 75 0.52 23.76
SLJ-2 8.60 8 40 75 75 0.89 24.00
SLJ-3 9.56 5 40 75 75 0.51 23.93
SLJ-4 9.29 5 40 75 75 0.84 23.89
SLJ-5 9.99 5 40 75 25 0.51 23.83
SLJ-6 9.99 5 40 75 25 0.85 23.99
SLJ-7 8.12 8 40 75 25 0.50 24.04
Fig. 4. Finite element model of a typical SLJ with boundary conditions and a detail
of the overlap.
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are concerned, quadratic 20-node brick elements (C3D20) available
in the ABAQUS element library have been utilized. The whole
adhesive layer is represented by 16-node plane cohesive elements
(placed between adjacent continuum elements in the overlap
areas), programmed in a UEL (User Element Subroutine) subrou-
tine. The cohesive elements utilized have constant dimensions
(0.5  0.5) mm2 in the entire overlap areas. For the numerical inte-
gration of the stiffness matrix and the internal force vector, a 3  3
Gaussian quadrature rule has been used. The Newton–Raphson
method has been utilized for the solution of the displacement con-
trolled non-linear problem augmented by the line search
algorithm.
As far as the material properties is concerned, the CFRP adher-
ents were modeled as linear orthotropic with the properties listed
in Table 2 [27]. On the other hand, the steel adherents were mod-
eled as linear elastic – perfectly plastic materials (bi-linear model)
based on the von Mises plasticity model. The Young modulus has
been taken equal to 170 GPa, the Poisson ratio equal to 0.3 and
the yield stress limit equal to 180 MPa (experimentally measured
magnitudes). For the description of the constitutive behavior of
cohesive elements utilized for modeling the adhesive layer, the
3D proposed EPZ mixed-mode model is utilized. The deﬁnition of
the pure mode EPZ law properties is based on the corresponding
ones described in [22,23]. According to the manufacturer of the
adhesive material, the shear strength of the adhesive rc,II (not
the adhesive’s bulk shear strength, but the one measured through
SLJ tests) varies together with the substrates utilized for the crea-
tion of the adhesive bond. The manufacturer provides the shear
strength measured from adhesively bonded SLJ geometries from
similar materials, including CFRP-to-CFRP. Additionally, he states
that when analyzing adhesive joints with dissimilar materials, as
the SLJ cases adopted herein, the selection of the rc,II magnitude
must be based on the corresponding lower value measured from
SLJ with similar adherents. In the case of the present adhesive
and for an adhesive layer with 0.5 mm thickness, the rc,II magni-
tude equals to 18.5 MPa (a shear strength of 18 MPa was obtained
with the thick adherend shear test in [28]) and 14.25 MPa, for
steel-to-steel and CFRP-to-CFRP substrates, respectively. Thus, in
our case for the 0.5 mm thick adhesive layer the rc,II magnitude
has been taken equal to 14.25 MPa. The remaining parameters
have been taken equal to the respective ones listed in Table 3
[22,23] which correspond to steel-to-steel adhesive joints. The
Mode I fracture toughness JIc provided by the manufacturer and
utilized herein is equal to 4 N/mm (measured according to ISO
4578), whereas the corresponding value measured by DCB tests
in [29] is approx. equal to 0.45 N/mm, which differs by an order
of magnitude from the one utilized in this work. However, numer-
ical simulations of the joints have been conducted, by considering
a value of JIc equal to 0.45 N/mm or 4 N/mm and the remaining
parameters the same for both analyses, and there was no effect
on the global response of the tested specimens. This is reasonable
since in the SLJ geometry, the adhesive fails mostly under Mode II
stresses and thus the contribution of Mode I is relatively small.
Additionally, this is an indication that the key parameter in the
intrinsic cohesive law shape adopted herein is rather the critical
stress than the fracture toughness value. This issue will be covered
in detail in an upcoming article.
The aforementioned parameters refer to an adhesive layer with
a thickness of 0.5 mm. In the framework of the current numerical
analysis, an additional adhesive thickness has been considered
equal to 0.85 mm. However, according to the experimental work
reported in [30,31], the parameters of the cohesive laws are af-
fected by the thickness of the corresponding bondline, in Mode I
and II loading and fracture, respectively. More speciﬁcally, the
parameters signiﬁcantly affected are the critical stresses rc,I and
rc,II. The authors in [30,31] have shown that a 1 mm thick adhesive
layer yields a 14.7% decrease and a 4.5% increase in the rc,I and rc,II
magnitudes, respectively, of the corresponding magnitudes ob-
tained from a 0.5 mm thick adhesive layer. Table 3 presents the
corresponding parameters utilized for the deﬁnition of the pure
mode EPZ laws of the 3D interface elements for the simulation of
the seven SLJ cases. Set 1 corresponds to cases SLJ-1, SLJ-3, SLJ-5
and SLJ-7 whereas Set 2 corresponds to cases SLJ-2, SLJ-4 and
SLJ-6. Parameter e has been taken equal to 0.1% as concluded from
previous investigations [22–25].
4. Experimental and numerical results
4.1. Prediction of failure loads
A comparison between the experimental and numerical failure
loads is presented in Fig. 5 for all cases. According to Fig. 5, the
Table 2
Orthotropic elastic properties of the CFRP adherents.
E1 (MPa) E2 (MPa) E3 (MPa) m12 m13 m23 G12 (MPa) G13 (MPa) G23 (MPa)
35,000 3000 3000 0.35 0.3 0.3 2000 1500 1500
Table 3
Parameters of the pure mode EPZ laws utilized in simulation of the CFRP-to-steel SLJ tests.
Magnitude units kI (N/mm3) kII = kIII (N/mm3) rc,I (MPa) rc,II = rc,III (MPa) JIc (N/mm) JIIc = JIIIc (N/mm) e (%)
Set 1 3700 1300 30 14.25 4 4.7 0.1
Set 2 2176 765 25.6 15 4 4.7 0.1
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Fig. 5. Collected experimental and numerical failure loads for all SLJ cases
considered.
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numerical values are in very good agreement with respect to the
experimentally measured values for the short, 25 mm overlap
length cases (SLJ-5, 6 and 7), having a maximum difference equal
to 2.2%. On the other hand, there is a maximum difference equal
to 25% for the cases with a 75 mm long overlap length (SLJ-1, 2,
3 and 4 cases). A simple calculation of the joints’ strength with
Lo = 75 mm and ts = 5 mm (SLJ-3 and SLJ-4), based on initial yield-
ing of the adherent by the formula Fmax = SyA [32], where Sy is yield
stress limit equal to 180 MPa and A is the cross-sectional area
equal to w ts, yields Fmax  21.5 kN; a value that is almost equal
to the one predicted with CZM techniques but differs 22% to the
experimental values. Additionally, as shown in the ﬁrst part of this
paper series [26] a very good prediction of the strength of joints
with short overlap length (SLJ-5 to SLJ-7) is made by using the for-
mula Fmax = saLow proposed in [28].
As concluded in the experimental part of this paper series (Part
I), the average shear strength ss of the adhesive layer, which was
experimentally measured (failure load/adhesive area) from the
short overlap length joints, was equal to the corresponding prop-
erty provided by the adhesive’s manufacturer. This particular value
was utilized as the critical stress parameter in the pure Mode II law
and thus the numerical failure load agrees with the experimental
one. It is noteworthy that the same key parameters have been uti-
lized for the EPZ laws for all seven cases, which are based on mate-
rial properties of the adhesive layer. The maximum deviation of the
measured ss magnitude from the 75 mm overlap length joints and
the one provided by the manufacturer, is equal to 22%, a value that
is in agreement with the difference calculated from the numerical
and experimental failure load. Considering the above, it will be
shown later that this difference is attributed to the development
and evolution of a non-uniform shear stress ﬁeld at the adhesive
layer during its loading history compared to the one of the
25 mm overlap length joints which is uniform.
Regardless of these differences, the utilized EPZ laws and
mixed-mode model capture with great accuracy the global re-
sponse of the adopted joints in terms of their stiffness change, as
shown in Fig. 6. In particular, the proposed modeling procedure
has captured the linear elastic behavior as well as all types of the
upcoming non-linearities, i.e. plasticity and damage/fracture of
the adhesive and plasticity of the steel (SLJ-3 and SLJ-4 cases).
4.2. Stress variations in the adhesive layer of SLJ-1 to SLJ-4 cases
Fig. 7 presents the variation of the principal stresses at the
experimentally maximum attained force level of SLJ-1 and SLJ-2
cases. The top substrate is the steel one, whereas the bottom sub-
strate is the CFRP one. According to the calculated deformed shape
of the SLJ-1 and 2 models, the CFRP substrate, which is more com-
pliant than the steel one, deforms in accordance with the well-
known eccentric behavior of a single lap joint in a way that leads
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Fig. 6. Experimentally registered and numerically evaluated global response of SLJ-
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Fig. 7. Qualitative variation of principal stresses over the SLJ domain of SLJ-1 and SLJ-2 cases (75 mm overlap length, and 8 mm thick steel substrate).
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the adhesive layer to develop high peel and in-plane shear stresses
at the right and the left hand side edges of the bondline (cohesive
zone – ﬁctitious crack), respectively. Further insight can be given
by examining the developed stresses over the adhesive area, as cal-
culated with the proposed EPZ mixed-mode model. Figs. 9–11
present the developed peel rz, in-plane rxz and out-of-plane ryz
shear stresses over the adhesive layer, respectively, according to
the local coordinate system depicted in Fig. 8, as calculated from
the SLJ-1 model. Without any loss of signiﬁcant information, stress
variations of the SLJ-2 model are not provided, since they share the
same behavior with the SLJ-1 model. The axes of the 2D stress ﬁg-
ures have been normalized according to the real dimensions of the
overlap length and width of the model. In fact, the plotted stresses
are obtained by the mixed-mode EPZ model (see Section 2) and
thus rz, rxz and ryz correspond to the Mode I rI, Mode II rII and
Mode III rIII tractions.
The peel stresses plotted in Fig. 9 are calculated at the maxi-
mum experimental force level of the SLJ-1 model. Apart from the
symmetry with respect to the x axis at y/w = 0.5 that they exhibit,
they peak at x/L = 1. This behavior is common through the entire
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Fig. 9. Peel stresses rz distribution over the adhesive area of the SLJ-1 model at the maximum attained force.
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loading history of the SLJ model. On the other hand, in-plane shear
stresses peak at x/L = 0 within the linear elastic region of the adhe-
sive material (see Fig. 10a). As loading increases and the adhesive
layer enters plasticity, the in-plane shear stresses almost reach
the plateau of 14.2 MPa (see Fig. 10b). The plastic zone then ex-
tends in that area with any further increase in the load and at
the same time the adhesive material laying in the right hand side,
at x/L = 1, contributes to the loading by developing elastic stresses.
At the maximum attained force, the plasticity of the adhesive layer
has extended and damage initiation and propagation is located at
both adhesive edges (area of the softening behavior of the T–S
law), as shown in Fig. 10c. However the rate and magnitude of
the damage extension is much higher at x/L = 0, a fact that has as
a consequence the deformed shape of Fig. 7, where the cohesive
zone is apparent at the left hand side of the overlap area.
The out-of-plane shear stresses (Mode III) remain at very low
levels and can be characterized as linear during the entire loading
history of the SLJ-1 or SLJ-2 models, as shown in Fig. 11. Thus they
do not contribute to the mixed-mode loading and fracture of the
adhesive layer. This conclusion was expected since the problem
under examination is in fact plane strain and hence, dominant frac-
ture modes are Mode I and Mode II. They peak at the vicinity of the
two corner edges of the adhesive layer, that is at x/L = 0 and y/w = 0
and 1.
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Fig. 11. Out-of-plane shear stresses ryz distribution over the adhesive area of the SLJ-1 and SLJ-2 model at the maximum attained force (u = 0.86 mm).
Fig. 12. Typical actual failure mode of a specimen of the SLJ-3 and SLJ-4 cases, denoting permanent plastic deformation of the steel substrate (a) and variation of the von
Mises plastic strains over the steel adherent domain after the failure of the joint.
Fig. 13. Typical deformed shape near the maximum attained force as experimentally captured (a) and numerically predicted (b).
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Fig. 14. Variation of the peel stresses (a), in-plane shear stresses (b) and out-of-plane shear stresses (c) over the adhesive layer domain at the maximum attained force level as
calculated with the SLJ-3 model (the same for SLJ-4 model).
Fig. 15. Qualitative variation of principal stresses over the SLJ domain of SLJ-5 and SLJ-6 cases.
Fig. 16. Qualitative variation of principal stresses over the SLJ domain of SLJ-7 case.
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Fig. 12a presents a typical SLJ-3 specimen (the same occurs with
the SLJ-4 specimens) after failure of the bond, where the perma-
nent deformation of the steel adherent is evident. The developed
plastic zone in the steel adherent is presented in Fig. 12b, as
numerically calculated with the use of a bi-linear (elastic perfectly
plastic) material model for the ductile steel substrate.
The local yield of the steel adherent has a signiﬁcant effect on
the loading and fracture mode of the adhesive bond. A comparison
between the experimentally captured and numerically calculated
deformation in Fig. 13 reveals at ﬁrst hand the damage evolution
process within the adhesive layer. The experimental observations
are in good agreement with the numerical results shown in this
ﬁgure. According to Fig. 13a, an extensive damage zone (plasticity,
void nucleation and micro-cracking) has been developed at the left
hand side edge of the adhesive layer, whereas a smaller damage
zone seems to form at the right hand side edge of the adhesive
layer (whitened areas). This behavior is similar to the correspond-
ing one described previously, for the SLJ-1 and SLJ-2 cases.
In order to conduct conﬁdent conclusions regarding the effect of
the yield zone developed in the steel adherend, the peel stress rz,
the in-plane shear stresses rxz and the out-of-plane shear stresses
ryz as these vary over the adhesive layer at the maximum attained
force level are shown in Fig. 14. The peel stresses follow the same
pattern to that presented in Fig. 9 within the linear elastic region
and early stages of plasticity of the adhesive layer. With further in-
crease in the applied force and as the steel adherent enters plastic-
ity, high peel stress concentrate in a larger area than that of Fig. 9,
as shown in Fig. 14a. This redistribution, where the peel stresses
peak in the area around x/L = 1 bounded within [y/w = 0.2, y/
w = 0.8] and decrease in magnitude in the areas bounded within
[y/w = 0, y/w = 0.2] and [y/w = 0.8, y/w = 1.0] is attributed to the
subsequent redistribution of the out-of-plane shear stresses as
shown in Fig. 14c. The ryz stresses follow the pattern presented
in Fig. 11 within the linear elastic and early stages of plasticity of
the adhesive layer. However, the plastic zone developed in the
steel adherent leads to the shrinkage of its width at that location
(see Fig. 12b), which subsequently leads the adhesive material to
develop increased out-of-plane shear stresses. Thus, the contribu-
tion of the Mode III fracture mode to the failure of the SLJ-3 and
SLJ-4 cases is considered important. The in-plane shear stresses fol-
low the pattern shown in Fig. 10a and b within the linear elastic
and early stages of plasticity of the adhesive layer, respectively.
However, with the yield initiation of the steel adherent, the in-
plane shear stresses redistribute in a way that at the maximum at-
tained load they present the variation shown in Fig. 14b. This
behavior is much different than the one presented in Fig. 10c,
which corresponds to the SLJ-1 and SLJ-2 cases and where plastic-
ity in the steel adherent is not present.
4.3. Stress variations in the adhesive layer of SLJ-5 to SLJ-7 cases
Figs. 15 and 16 present the distribution of the principal stresses
over the SLJ-5 (similar for SLJ-6) and SLJ-7 deformed models,
respectively. According to these ﬁgures, regardless of the stiffness
ratio and the adhesive thickness, in all three cases, damage and
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cracking initiates at the right hand side edge of the adhesive over-
lap area, under Mode I loading and fracture conditions. This state-
ment can be further justiﬁed by examining the variation of the
corresponding to Mode I peel stresses rz over the adhesive area,
as shown in Fig. 17. The positive peel stresses that contribute to
Mode I loading and fracture develop in the areas bounded by [x/
L = 0, x/L = 0.25] and [x/L = 0.6, x/L = 1], whereas in the remaining
area negative contact stresses develop that denote contact condi-
tions. The positive peel stresses peak at x/L = 1 with magnitude
equal to 13.1 MPa. On the other hand, the in-plane shear stresses
in the linear elastic region peak at the opposite edge at x/L = 0
(see Fig. 18a) and thus plasticity in the adhesive layer initiates
from that point and propagates towards the remaining adhesive
edge at x/L = 1 (see Fig. 18b). Finally, at the maximum attained
load, the in-plane shear stresses have become plastic in almost
the entire adhesive area and decrease (softening) in the vicinity
of the adhesive edge at x/L = 1, as shown in Fig. 18c. As aforemen-
tioned, at this location peel stresses maximize and thus they be-
come responsible for damage and fracture initiation of the
adhesive layer.
The out-of-plane shear stresses ryz peak, in the entire loading
history, at the two left hand side corner of the adhesive layer at
the x/L = 0, as shown in Fig. 19. Their magnitude remains at very
low stress levels and thus ryz stresses remain in the linear elastic
region, without contributing to the failure of the adhesive layer.
5. Conclusions
This work is the second part of an integrated study of CFRP-to-
steel adhesively bonded joints with thick adherents. An effort was
made herein for simulating the seven tested single lap joint cases,
by utilizing advanced numerical tools based on cohesive zone
modeling techniques. The main objective of the current work
was to provide an insight to the behavior of the tested cases, in
terms of exploring the loading and fracture response of the
adhesive layer, both occurring under mixed-mode conditions. A
phenomenological cohesive law and a mixed-mode model, formu-
lated according to the embedded process zone approach, have been
utilized for the numerical description of the constitutive response
of the adhesive layer. The same key parameter magnitudes have
been utilized for the pure mode laws in all cases.
The modeling procedure followed managed to capture with
good accuracy the global behavior of the simulated joints. The fail-
ure loads of the joints with 25 mm and 75 mm overlap length were
predicted with a maximum difference equal to 2.2% and 25%,
respectively, with respect to the experimentally obtained magni-
tudes. It has been concluded that the adhesive layer of the short
overlap joints enters plasticity in a more uniform manner com-
pared to the long overlap joints, a fact that justiﬁes the differences
in the failure loads.
In general, there is a minor effect of the out-of-plane shear
stresses (Mode III) to the loading and failure of the adhesive
layer, as long as the steel adherent remains in its elastic material
region. On the other hand, when the steel enters plasticity, peel,
in-plane and out-of-plane shear stresses redistribute in the adhe-
sive layer and in particular in the vicinity of the steel’s plastic
hinge. This leads to the development of high out-of-plane shear
stresses which contribute signiﬁcantly to the adhesive’s mixed-
mode failure.
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